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Sub-grid physics 

 

 

“ …..a theoretical swindle…..” 

                                      Silk & Mamon 2012 



Why do we need sub-grid physics? 

Huge dynamic range required to follow structure in cosmological setting 

Graphic by Rob Crain & Jim Geach 



 N.  Yoshida et al.,  Science  321, 669 -671 (2008)     

Fig. 1. Projected gas 
distribution around 

the protostar 

Formation of the first star 



Simulating the end of a massive star 

FLASH AMR simulation of off-centre SN – multiscale physics – peta scale computing 



Wind/cloud interactions in the 

ISM 

Pittard et al. 2010 



The physics processes in  
a model of galaxy  

formation 



Numerical techniques 

Dissipationless gravitational instability 

• N-body simulation  

Dissipative baryonic physics:  

• Gas dynamics simulations 

    Smooth Particle Hydrodynamics 

    Adaptive Mesh Refinement 

    Deformable meshes 

• Semi-analytical modelling 



(from Volker Springel)  



(from Volker Springel)  



The Millennium Simulation 

Springel et  al. 2005 



(from Volker Springel) 





SPH 

Springel Annual Reviews A&A 2010  

Solve fluid dynamics equations using Lagrangian scheme with particles: 

Estimation of continuum fluid properties from particles: 

SPH cannot follow shocks  

unless artificial viscosity invoked 



AMR 

Solve discretized version of fluid equation on mesh  

(image from Miniati) 



Gas simulations &  
Semi-analytic modelling 

Gas simulations: 

• More direct 

• (Sometimes) more 
information 

• Challenged by dynamic 
range 

• Still use ‘sub-grid’ 
physics (=semi-
analytics) 

Semi-analytic models: 

• More generalised 
calculation e.g. Spherical 
symmetry 

• Faster 

• Flexible 

• Modular 

• Hybrid approach? 

 





Sub-grid physics  

• Precise physics uncertain 

• Can write down physically motivated differential 

equations to solve e.g. for star formation  

• Parameters are set by requiring model 

predictions to match observations 

• Not statistical parameters 



An example of statistical 

parameters 



An example:  
Modelling star formation in galaxies 

Parametric form for the SF law 

(total cold gas mass/SF timescale) 

 

 

 
What is     ? 

Two free-parameters to 

model the SF activity 

Cole et al. (2000) 

Lagos et al. 2011 



Fitting “physical” parameters 

By changing slope, longer timescale for SF in faint galaxies, higher gas content 

Cole et al. 2000 



Setting model parameters 

Cole et al. 2000 
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Leroy et al. (2008): thresholds of 

large scale stability, or single 

dependence on the orbital or free-fall 

timescale do not offer good fit to 

linear SFR-mol relation. 

Gas surface density 
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Bigiel et al. (2008) 

An improved SF model 



Empirical and theoretical SF laws to test 
parameter-free  

(ii) The Kennicutt-Schmidt law (KS) 

(i) The Blitz & Rosolowski law (BR) 
Leroy et al. (2008), Bigiel et al. (2008) 

(iii) The Krumholz, McKee & 
Tumlinson theoretical law (KMT) 

 
Empirical laws 

Theoretical laws 

Lagos et al. 2011 



New predictions from improved model: 

The mass function of atomic hydrogen 

Lagos et al. 2011 



More on feedback 



Parameterized outflow models 

Wrote down a mass outflow rate in terms of the SFR (which traces SNeII rate)  

Simple arguments for the exponent:  

 

alpha_hot = 1  (momentum cons.)  

alpha_hot = 2  (energy cons.)  

Cole et al 2000 



A dynamical 

model of Sne 

winds 

Monaco 2004 

Bertone et al. 2005 

Lagos et al. 2012 

See review by:  

McKee & Ostriker 2007 

1) Energy conserving:  

expansion time << cooling time 

2) Momentum conserving: 

Cooling time << expansion time 

3) Self-similar expansion:  

Energy injection switches off 



Bubble expansion and escape 

Lagos et al. 2012 



AMR simulation 

of Sne in a  

cylinder of the ISM 

Creasey, Theuns 

& Bower 2012 



What do these dynamical calculations 

imply for the outflow rate? 

Lagos et al. 2012 

Tighter correlation with other properties, such as surface density of gas 



Regulation of SFR in massive haloes 



A problem with massive galaxies? 

No feedback 

With Sne feedback 

Benson et al. 2003 



Possible mechanisms to suppress 
formation of bright galaxies 

• Regulate gas cooling in massive halos 

    - turn off gas cooling ``by-hand’’ 

    - conduction of heat in halo gas 

    - change density profile of hot halo  

    - inject energy to balance cooling flow 

• Drive out cooled gas in a superwind 

    - driven by quasar activity 

    - driven by star formation 



See also  Croton et al. 2006, MNRAS;  de Lucia et al. 2006, MNRAS 
Quasar mode feedback: Granato et al 2004, Hopkins et al 2006a,b,….   
Cattaneo et al 2006; Lagos, Cora & Padilla 2008; Monaco et al 2007    

•Need model to track growth of black holes  
 

•Haloes with quasi-static hot gas halo:   t(cool) > t(free-fall) 
 

•Rate at which gas cools is quenched, depending on size of black hole 
 

•AGN emits luminosity that balances cooling luminosity radiated by gas 

Bower et al. 2006 

An alternative source of energy 
accretion onto SMBH 



Fanidakis et al.2011 



Tracking the growth of black holes 

Nikos Fanidakis et al. 2010 

Luminosity released by accretion  
of material onto SMBH balances  
cooling luminosity in haloes where  
cooling time is long (hydrostatic  
equilibrium) 
 
Stops gas cooling in massive haloes, 
so no fuel for star formation.  
 
Radio mode feedback 



The impact of AGN feedback on gas cooling 

Croton  et al. 2006 
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Halo virial velocity 



The luminosity function with suppression 
                of cooling by AGN 

Same parameters  
but turn off AGN  
feedback  

With AGN  
feedback 

Present day K-band field luminosity function 

Bower et al. 2006 





Fanidakis et al 2011 



Summary 

• Galaxy formation cannot be modelled fully 
numerically: physics, dynamic range 

• Semi-analytical modelling complementary to gas 
dynamic simulations 

• Rapid exploration of different physical models and 
parameter space 

• Modular nature: plug in improved recipes 

• Only way to generate predictions for galaxy 
formation in CDM 


